INTRODUCTION
============

Genotoxic agents, including ionizing radiation (IR), induce a variety of DNA lesions, with DNA double-strand breaks (DSB) being the most deleterious type of damage, if not properly repaired. A key process in the repair of DSBs is the phosphorylation of the histone variant H2AX on serine 139 that occurs in a megabasepair chromatin region surrounding the breaks, forming visible γH2AX immunofluorescent foci ([@gkt304-B1]). The phosphatidylinositol 3-kinase-related kinases (PIKK) ataxia telangiectasia mutated (ATM), DNA-dependent protein kinase (DNA--PK) and ataxia telangiectasia and Rad3-related (ATR) are the main kinases that phosphorylate H2AX ([@gkt304-B2; @gkt304-B3; @gkt304-B4]). H2AX is critical for the efficient accumulation of DNA repair factors at the break site, and H2AX deficient mice show increased radiosensitivity ([@gkt304-B5; @gkt304-B6; @gkt304-B7]), with the specific phosphorylation at serine 139 promoting cellular survival after IR ([@gkt304-B8]). Several studies have shown that the formation of γH2AX is central in the protein recruitment and signalling cascade of the DNA damage response ([@gkt304-B9]). However, not only the formation of distinct γH2AX foci but also the induction of pan-nuclear γH2AX signals has been reported as a cellular reaction to various stressors other than IR. After transfection of human cells with small DNA fragments an intense pan-nuclear γH2AX signal has been described ([@gkt304-B10]). After ultraviolet (UV) irradiation not only the S-phase-dependent induction of γH2AX was reported but also a weaker nuclear-wide γH2AX in G~1~ cells that is dependent on nucleotide excision repair (NER) ([@gkt304-B11]). Moreover, changes in chromatin structure via hypotonic treatment led to the formation of pan-nuclear γH2AX ([@gkt304-B12]). Also adeno-associated virus infection can induce a pan-nuclear γH2AX response ([@gkt304-B13],[@gkt304-B14]). The formation of a ring-shaped γH2AX and a subsequent nuclear-wide γH2AX signal was also observed in apoptotic cells ([@gkt304-B15]). Induction by different stressors suggests the presence of different regulation mechanisms. The consequences of pan-nuclear γH2AX also seem to be variable: pan-nuclear γH2AX has no effect on cell survival after UV irradiation ([@gkt304-B8]) or hypotonic treatment ([@gkt304-B12]), but the hyperactivation of DNA--PK by transfection of small DNA molecules compromises DNA repair ([@gkt304-B10],[@gkt304-B16]).

Heavy ion irradiation is increasingly being used in cancer therapy because of its physical advantages and increased relative biological effectiveness (RBE) compared with photon irradiation ([@gkt304-B17]). Heavy charged particles in cosmic rays are a major contributor to health risks in long-term manned space exploration ([@gkt304-B18]). The increased effectiveness of ion irradiation is often attributed to the induction of less repairable clustered DNA lesions with multiple damage sites in close proximity ([@gkt304-B19]). After ion irradiation at low energy, the ionization events produced are localized in a submicrometer volume around the ion track ([@gkt304-B18]), and formation of γH2AX foci is clearly observed in the damaged nuclear region traversed by the ion track ([@gkt304-B20]). In this study, we demonstrate that the localized sub-nuclear induction of complex DNA damage elicits the pan-nuclear activation of ATM and DNA--PK that are additionally able to phosphorylate nuclear-wide H2AX in undamaged chromatin.

MATERIALS AND METHODS
=====================

Cell culture and irradiation
----------------------------

Normal human primary skin fibroblasts (AG01522, passage 10--16) and xeroderma pigmentosum, complementation group A (XPA)-deficient human fibroblasts ([@gkt304-B21]) (GM00710B) were obtained from Coriell Cell Repository and grown in EMEM with 15% fetal calf serum (FCS). AT cells (AT1BR) express truncated ATM ([@gkt304-B22]) (obtained from ECACC) and were cultivated in Ham's F10 and 15% FCS. U2-OS cells stably transfected with 53BP1-GFP or MDC1-GFP were kindly provided by C. Lukas and grown in Dulbecco's modified Eagle's medium (DMEM) and 10% FCS. Mouse embryonic fibroblasts (MEF) cells expressing truncated DNA--PKcs ([@gkt304-B23]) were kindly provided by D. Chen and grown in α-medium with nucleosides and 15% FCS. The X-ray repair cross complementing 4 (XRCC4) −/− MEF cell line ([@gkt304-B24]) (kindly provided by F. Alt) was cultivated in DMEM and 15% FCS. Hamster ovary cells (AA8) were obtained from ATCC and grown in RPMI and 10% FCS. Cells were cultured as described previously ([@gkt304-B20]). For irradiation, cells were grown on 24- × 24-mm glass cover slips. Irradiation was performed at the accelerator facility of the GSI Helmholtz Center for Heavy Ion Research using ions \<10 MeV/nucleon ([@gkt304-B20]). Low angle irradiation was conducted as described previously ([@gkt304-B25]) with a fluence of 3 × 10^6^ particles/cm^2^ corresponding to two to three ion traversals per nucleus and a dose proportional to the fluence and LET (linear energy transfer). Control samples were mock irradiated. Targeted single-ion cell irradiation was used for the quantitative measurement of immunofluorescence signals. Cells grown on polypropylene foils were stained for cell nuclei recognition with 100 nM Hoechst 33342 1 h before irradiation at the GSI heavy ion microprobe as described previously ([@gkt304-B26]). For irradiation, different heavy ions with increasing ionization densities were used dependent on the availability at the accelerator. On the basis of their ionization densities they can be divided into three groups of lighter ions (carbon, nitrogen and neon), intermediate ions (titanium, chromium, iron and nickel) and very heavy ions (ruthenium, xenon, gold, lead and uranium). Values for the LET of the different ion species: ^12^C 290 keV/µm, ^14^N 400 keV/µm, ^20^Ne 460 keV/µm, ^50^Ti 2180 keV/µm, ^54^Cr 3000 keV/µm, ^56^Fe 3050 keV/µm, ^64^Ni 3800 keV/µm, ^96^Ru 7060 keV/µm, ^136^Xe 9300 keV/µm, ^197^Au 12800 keV/µm, ^208^Pb 13400 keV/µm and ^238^U 15000 keV/µm. Dosimetry relied on secondary electron transmission counting calibrated by CR39 nuclear track detectors or at the microprobe on the detection of ion-induced secondary electron cloud emission from the vacuum window. For irradiation at the microprobe, the growth medium was replaced with HEPES-buffered medium (20 mM, pH 7.2); post-irradiation incubation was done in normal medium with inhibitors as indicated. To reduce the area of the DNA damage focus in the intensity quantitation, all ions were targeted to one spot within the cell nucleus, unless stated otherwise. Mock irradiated cells at the microprobe correspond to non-irradiated cells on the same dish. X-ray irradiation was conducted as described previously ([@gkt304-B27]).

Drug treatment
--------------

DNA--PKcs inhibitor IC86621 and ATM inhibitor KU55933 (both Calbiochem) were dissolved in dimethyl sulphoxide (DMSO) and used at 200 or 10 µM, respectively. Caffeine (Sigma) was used at 20 mM in growth medium. Cells were incubated in the presence of the inhibitor 1 h before and after irradiation for the time indicated.

Antibodies and immunological techniques
---------------------------------------

Antibodies against γH2AX (mouse monoclonal, JBW301, Millipore, 1:500), 53BP1 (rabbit, ab36823, Abcam, 1:2000), tubulin (mouse, clone B-5-1-2, Sigma, 1:50000), MDC1 (sheep, 1:400, kindly provided by M. Lavin), phosphorylated ATM (S1981) (mouse, Rockland, 1:200) and DNA--PKcs (S2056) (rabbit, Abcam, 1:100) were used. For immunoblots, horseradish peroxidase-conjugated anti-mouse or -rabbit secondary antibodies (Amersham Biosciences) were diluted 1:10000. Secondary Alexa 488- and Alexa 568-conjugated goat anti-rabbit, anti-mouse and anti-sheep antibodies were used at 1:400 (Invitrogen) in immunofluorescence of cells fixed in 2% formaldehyde and permeabilized as described previously ([@gkt304-B25]). For extraction of soluble proteins, cells were incubated with cytoskeleton and cytoskeleton stripping buffer and fixed for 30 min with modified Streck Tissue Fixative as described previously ([@gkt304-B20]). DNA was counterstained with 1 µM ToPro-3 or 1.5 µM propidium iodide (PI) containing 100 µg/ml of ribonuclease.

Microscopy and measurement of pan-nuclear immunofluorescence intensity
----------------------------------------------------------------------

Confocal laser scanning micrographs were obtained using a Leica confocal system as described previously ([@gkt304-B25]). Representative images of the different experiments are shown in the figures. The γH2AX intensity was measured on maximum projections based on Image-Pro Plus 6.0 (Media Cybernetics Inc.) for every pixel within the nuclear area (DNA signal). The mean intensity was determined for each nucleus and for all analysed nuclei. To minimize the contribution of the single damage focus produced by microirradiation, γH2AX foci were chosen to be imaged with saturated intensity and excluded from calculation of the nuclear mean. The γH2AX intensity was normalized to the laser intensity. To assess the variability between identical samples, the percentage standard deviation was calculated for groups of up to 15 identical samples and ranged from 2 to 28% with a mean of 10%.

Fluorescence recovery after photobleaching measurement
------------------------------------------------------

Cells on glass cover slips (40 mm diameter) were mounted in a Focht chamber. A bleaching spot was generated using a 473-nm diode laser coupled to a Leica DMLA microscope (Leica Microsystems GmbH, Wetzlar, Germany). Further details and the evaluation of the intensity measurements are described in Tobias *et al.* ([@gkt304-B28]).

Subcellular protein fractionation
---------------------------------

Cells were lysed in cytoskeleton buffer ([@gkt304-B29]) containing 1% Triton X-100 and additives \[1× protease inhibitor ethylenediaminetetraacetic acid-free (Roche), 10 mM NaF, 500 µM AEBSF and 1 mM DTT) and incubated for 25 min on ice. The cytoplasmic fraction was separated by centrifugation, nuclei were washed and resuspended with buffer C ([@gkt304-B30]) containing additives as described earlier in the text. The nuclei suspension was lysed by passing through a 27G syringe needle, shortly ultrasound treated (Bioruptor UCD-200) and incubated for 100 min on ice. The nucleoplasmic fraction was separated by centrifugation, and the chromatin pellet was incubated at 95°C in 100 mM Tris--HCl, pH 6.8, 2% sodium dodecyl sulphate and 20% glycerol to obtain the chromatin fraction.

RESULTS
=======

Pan-nuclear formation of γH2AX in undamaged chromatin after localized densely IR
--------------------------------------------------------------------------------

After localized ion irradiation, we reproducibly detected in addition to γH2AX foci a less intense γH2AX signal distributed over the whole nucleus in regions where no dose was deposited ([Figure 1](#gkt304-F1){ref-type="fig"}A). The fraction of cells showing pan-nuclear γH2AX was 95--99% for heavy ion-irradiated human fibroblasts but \<2% in the mock-irradiated cells ([Supplementary Figure S1A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). Figure 1.Pan-nuclear H2AX phosphorylation after localized IR-induced DNA damage to the nucleus. Different types of cell lines were fixed 1 h after ion irradiation and immunostained for γH2AX (green) and DNA (ToPro-3, red). Cells were irradiated (IR) at low angle with gold (**A--C**) or xenon ions (**E**), or with 40 carbon ions in 1 spot at the microprobe (**D**). (**F**) Nuclei of confluent human fibroblasts were detected by Hoechst staining and marked for irradiation (red crosses) to target either the cytoplasm (top) or the nucleus (bottom). Cells were irradiated with one gold ion. The mean pan-nuclear γH2AX signal was measured in unirradiated cells (ctrl) and after irradiation of the cytoplasm (Cy) or the nucleus (Nu) (right) (number of analyzed cells: 327, 193 and 53). Scale bar: 20 µm. (**G**) Exemplary intensity profiles of the γH2AX (green) and DNA (red) signal (relative value) are shown for a human fibroblast hit by a gold ion at low angle (top) and an unirradiated nucleus (bottom) fixed at 1 h. Error bars denote SD (\*\**P* \< 0.01, n.s. = not significant, using two-sided U-test).

Nuclear-wide γH2AX occurred after ion irradiation in various different human and rodent cell lines, including human fibroblasts, the tumour cell line U2-OS, MEF and hamster ovary cells (AA8) ([Figure 1](#gkt304-F1){ref-type="fig"}A--D). As expected, after ion irradiation, an H2AX-deficient cell line did not show γH2AX neither pan-nuclear nor in foci, whereas the DNA damage sites could be visualized via phosphorylated meiotic recombination 11 protein (MRE11, S676/S678) ([Supplementary Figure S1B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)).

We excluded an association of the particle-induced pan-nuclear γH2AX to apoptosis ([@gkt304-B15]) because we did not detect annexin V-positive cells or morphological signs of apoptosis like chromatin condensation or apoptotic bodies up to 24 h post-irradiation of human fibroblasts with gold ions ([Supplementary Figure S1C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)) that clearly induced pan-nuclear γH2AX ([Figure 1](#gkt304-F1){ref-type="fig"}A).

A UV-induced pan-nuclear H2AX phosphorylation dependent on proficient NER has been previously described ([@gkt304-B11]). Therefore, we irradiated cells deficient for XPA, a factor involved in early steps of NER ([@gkt304-B31]). A clear nuclear-wide γH2AX signal was readily detected after exposure to ions ([Figure 1](#gkt304-F1){ref-type="fig"}E), suggesting different mechanisms than for UV response.

For a precise quantification of pan-nuclear γH2AX, we took advantage of the heavy ion microprobe allowing the targeted irradiation of cells with a defined number of ions in a submicrometer area ([@gkt304-B26]). All cells hit by ions ([Supplementary Figure S1D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)), but none of the neighbouring unirradiated cells ([Supplementary Figure S1D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1), arrows), showed a nuclear-wide γH2AX in addition to the focus created by the particle traversal. After ion irradiation, an ∼5- to 10-fold increase of nuclear-wide γH2AX was observed compared with unirradiated cells ([Figure 1](#gkt304-F1){ref-type="fig"}F) with standard deviations of ∼30--50%. No pan-nuclear-positive cells were observed when the particles hit the cytoplasm only, and no response in unirradiated cells was observed ([Figure 1](#gkt304-F1){ref-type="fig"}F). In addition to the γH2AX peak at the damage foci, an even but clearly enhanced γH2AX distribution compared with the unirradiated nucleus is detected in undamaged chromatin based on line profiles ([Figure 1](#gkt304-F1){ref-type="fig"}G). Moreover, we observed that pan-nuclear γH2AX is induced in G~1~ and G~2~ phase of the cell cycle ([Supplementary Figure S1E](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)).

Dose-dependent induction of pan-nuclear γH2AX by localized clustered DNA damage
-------------------------------------------------------------------------------

To analyse whether different amounts of DNA damage generated by varying radiation doses influence the pan-nuclear γH2AX response, we irradiated confluent human fibroblasts in different irradiation fields within the same sample with an increasing number of ions per cell nucleus. Irradiation with increasing numbers of light ions (up to 40 carbon ions) per nucleus showed that the pan-nuclear response increased with number of traversals and, therefore, with dose ([Figure 2](#gkt304-F2){ref-type="fig"}). Already after irradiation with 1 carbon ion, corresponding to a mean nuclear dose of only 0.2 Gy, the induction of nuclear-wide γH2AX was measurable, although not yet microscopically apparent ([Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). In the lower dose range, the signal increase was linear ([Figure 2](#gkt304-F2){ref-type="fig"}), and it tends to saturate at higher doses. However, with heavier ions, we observed no clear saturation of the response ([Supplementary Figure S2B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). The pan-nuclear γH2AX signal was always less intense than γH2AX at damage foci ([Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)), even after the highest tested dose of ∼70 Gy (obtained with eight very heavy ions). The distribution of damage sites in the nucleus, i.e. aiming four carbon ions either to one spot, resulting in a discrete submicrometer damage area, or to a square pattern of four spots with 3-µm distance between traversals had no marked effect on the nuclear-wide response ([Figure 2](#gkt304-F2){ref-type="fig"}). This was confirmed after irradiation with 10 or 15 ions of intermediate ionization density targeted to one spot or distributed in a five spot cross pattern ([Supplementary Figure S2C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). These results make it possible to use different ion types to induce the pan-nuclear response taking into account the delivered dose. A pan-nuclear response was not detected after irradiation with 1 Gy X-rays, the line profiles showing very low γH2AX levels in regions devoid of DSBs compared with γH2AX at the DSBs ([Supplementary Figure S2D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). However, an analysis after higher doses using conventional X-ray irradiation is hampered by the random distribution of DSBs in the nucleus. In summary, these data show that the pan-nuclear formation of γH2AX after ion irradiation is clearly dependent on the dose, and thus the amount of induced DNA damage. Figure 2.Pan-nuclear γH2AX increases with increasing dose. Confluent human fibroblasts were irradiated at the microprobe with increasing numbers of carbon or nitrogen ions (corresponding to a mean nuclear dose of ∼0.2 or 0.3 Gy/traversal, respectively) targeted to one spot or with four carbon ions targeted in a square pattern of four spots in 3-µm distance (carbon ions distributed). One hour after irradiation, the mean pan-nuclear γH2AX signal of every cell was quantified. The values were normalized to the intensity of the unirradiated control. The dashed line shows the exponential fitting curve for the complete data set. The inset shows the data for up to four carbon traversals in more detail. Error bars denote SD (\*\**P* \< 0.01, n.s. = not significant, using two-sided U-test, doses were calculated based on a nuclear cross-section of 240 µm^2^ for the used cells, number of analyzed cells: 45--284 with an average of 144).

Formation of nuclear-wide γH2AX is transient
--------------------------------------------

We analysed the pan-nuclear response up to 24 h after irradiation with different ions inducing increasing damage clustering. For all ion types and numbers of traversals, the kinetics of γH2AX intensity were similar ([Figure 3](#gkt304-F3){ref-type="fig"}A). A maximum occurred approximately at 1 h after irradiation, followed by a decline over the following 5--7 h and a weak but measurable pan-nuclear signal remaining 24 h after irradiation. This is in contrast to DSB repair kinetics, which have been shown to be significantly delayed by densely ionizing radiation ([@gkt304-B19],[@gkt304-B25],[@gkt304-B32]), suggesting that disappearance of the pan-nuclear response is not linked to DSB repair. A decline of pan-nuclear γH2AX was also observed within the first 6 h in XRCC4 −/− MEF cells ([Figure 3](#gkt304-F3){ref-type="fig"}B), which are deficient in non-homologous end-joining (NHEJ), arguing against a dependency of the disappearance of the pan-nuclear signal on functional NHEJ repair. This result was confirmed for XRCC4 −/− cells using a different ion type, and similar results were also obtained for NHEJ-deficient Ku80 −/− cells ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). Simultaneous depletion of the nucleases MRE11, C-terminal-binding protein interacting protein (CtIP) and exonuclease 1 (EXO1), involved in resection and homologous recombination (HR), did not suppress the decrease of pan-nuclear γH2AX ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)), indicating that processing of DNA ends by these nucleases is not necessary for the recovery from nuclear-wide chromatin phosphorylation. Figure 3.Transient nuclear-wide γH2AX after DNA damage induction of varying complexity and in NEHJ-deficient cells. (**A**) Confluent human fibroblasts were irradiated at the microprobe with 40 carbon (∼7.6 Gy), 14 nitrogen (∼3.4 Gy), 2 gold (∼17 Gy) or indicated numbers of lead ions (∼8.9 Gy/ion). The dashed line shows the exponential fitting curve for the measurement after carbon ion irradiation. For comparison of different experiments, the values were normalized to the intensity at 1 h. (**B**) MEF WT or XRCC4 −/− cells were irradiated using broad beam titanium ions. Cells were fixed at indicated time points and pan-nuclear γH2AX quantified. Error bars denote SD (number of analysed cells: 72--1344 with an average of 267).

ATM and DNA--PK mediate the pan-nuclear γH2AX response
------------------------------------------------------

We next investigated the role of PIKK family kinases in the pan-nuclear γH2AX response using specific inhibitors. The pan-nuclear H2AX phosphorylation after ion irradiation was clearly reduced but not completely inhibited in cells treated with only ATM or DNA--PKcs (DNA--PK catalytic subunit) inhibitor or caffeine. Simultaneous treatment with the specific inhibitors of both ATM and DNA--PKcs almost completely abolished the pan-nuclear H2AX phosphorylation ([Figure 4](#gkt304-F4){ref-type="fig"}A), whereas DMSO alone had no effect ([Supplementary Figure S4A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). The almost total suppression of pan-nuclear γH2AX by inhibition of both ATM and DNA--PKcs was confirmed using irradiation with a different ion ([Supplementary Figure S4B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). Figure 4.DNA--PK and ATM-dependent nuclear-wide γH2AX and dose-dependent pan-nuclear pATM (S1981) and pDNA--PKcs (S2056). (**A**) Confluent human fibroblasts were treated with DMSO, ATM inhibitor (Ai), DNA--PKcs inhibitor (Di) or caffeine and irradiated with three xenon ions (∼18.3 Gy). (**B**) WT or ATM-deficient human fibroblasts (AT), treated with DMSO or DNA--PKcs inhibitor (Di), and (**C**) WT MEF, DNA--PK −/− MEF, treated with DMSO or ATM inhibitor (Ai), were irradiated with five nickel ions (∼12.5 Gy). Cells were fixed 1 h after irradiation, and pan-nuclear γH2AX was quantified. (**D**) Confluent human fibroblasts were irradiated with different numbers of gold ions (∼8.5 Gy/ion), and pan-nuclear pDNA--PKcs (S2056) or pATM (S1981) was quantified 1 h after irradiation. For comparison of pATM and pDNA--PKcs signal intensities, the values were normalized to the intensity in unirradiated cells. (**E**) Confluent human fibroblasts were treated with DMSO or both ATM and DNA--PKcs inhibitors (Ai + Di) 1 h before until 1 h after irradiation and reseeded 24 h after irradiation with different doses of X-rays or neon ions for the survival assay (*N* = 3). Solid lines show the linear quadratic (X-rays) or linear (neon) fit for each data set. Error bars denote SD (\*\**P* \< 0.01, using two-sided U-test, number of analysed cells for immunofluorescence quantification: 84--1228 with an average of 268).

The role of ATM and DNA--PK in nuclear-wide H2AX phosphorylation was confirmed irradiating ATM-deficient primary human fibroblasts that showed a decreased pan-nuclear γH2AX signal compared with WT fibroblasts. The pan-nuclear signal was further reduced to near control level after treatment with DNA--PKcs inhibitor ([Figure 4](#gkt304-F4){ref-type="fig"}B). Conversely, the ion irradiation of DNA--PKcs-deficient MEF cells induced a pan-nuclear γH2AX signal that was reduced compared with WT cells and largely suppressed after additional ATM inhibition ([Figure 4](#gkt304-F4){ref-type="fig"}C). Similar results were obtained using a different ion irradiation ([Supplementary Figure S4C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1) and [D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)).

The aforementioned results imply the availability of nuclear-wide active ATM and DNA--PKcs. Using immunofluorescence microscopy, we examined the cellular distribution of the activated kinases after ion irradiation. Both phosphorylated DNA--PKcs (S2056) ([Figure 5](#gkt304-F5){ref-type="fig"}A) and ATM (S1981) ([Figure 5](#gkt304-F5){ref-type="fig"}B) formed pan-nuclear signals in a dose-dependent manner ([Figure 4](#gkt304-F4){ref-type="fig"}D), and the pan-nuclear pATM was suppressed by specific ATM inhibition ([Supplementary Figure S4E](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). This is in line with the nuclear-wide formation of γH2AX mediated by ATM and DNA--PK. Figure 5.Pan-nuclear γH2AX is chromatin bound, and pan-nuclear pDNA--PKcs and pATM are extractable. Confluent human fibroblasts were irradiated (IR) with (**A**) uranium or (**B**) xenon ions, fixed after 1 h directly or after extraction of unbound proteins (extr.) and stained for γH2AX, pDNA--PKcs (S2056), pATM (S1981) and DNA. Scale bar: 20 µm. (**C**) Cells were harvested 1 h after irradiation with gold ions (3 × 10^6^ particles/cm^2^) or 30 Gy X-rays, and the localization of γH2AX in the cytoplasmic (Cy), nucleoplasmic (Nu) and chromatin-bound (Chr) protein fractions was analysed using western blot. The 53BP1 and tubulin were detected as controls for the cytoplasma and nucleoplasma fraction, respectively.

Surprisingly, in these experiments, the formation of γH2AX at damage foci induced by very heavy ions was not suppressed when both ATM and DNA--PKcs were inhibited ([Figure 6](#gkt304-F6){ref-type="fig"}A). One possible explanation is that residual amounts of activated kinases were still present even under inhibiting conditions as detected by western blot analysis after ion irradiation ([Supplementary Figure S4F](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). Interestingly, we found that after irradiation with single light ions, which produce a lower local damage density compared with heavier ones, the inhibition of both ATM and DNA--PK was able to completely suppress γH2AX foci at the damage sites. However, when 10 of these light ions were targeted in one spot, the γH2AX focus could be again detected ([Supplementary Figure S4G](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). Thus, the effect of residual kinase activity induced by high amounts of localized DSBs can fully explain γH2AX foci detection under inhibiting conditions. In line with this notion, an additional downregulation of ATR by RNA interference had no effect on the formation of γH2AX foci ([Supplementary Figure S4G](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). Figure 6.Influence of pan-nuclear γH2AX on MDC1 but not 53BP1 binding. (**A**) Confluent human fibroblasts were treated with DMSO or ATM and DNA--PKcs inhibitor (Ai + Di) and irradiated with gold ions at low angle. One hour after irradiation, MDC1, γH2AX and DNA were detected. Scale bar: 20 µm (arrow: cell with peripheral ion hit, resulting in low pan-nuclear γH2AX and efficient MDC1 recruitment). U2-OS cells expressing (**B**) MDC1-GFP or (**C**) 53BP1-GFP were irradiated with ruthenium ions at low angle, and the mobility of GFP-tagged proteins was measured by FRAP analysis in undamaged regions of irradiated cells or in unirradiated cells. Error bars denote 95% confidence interval.

We next asked whether the pan-nuclear γH2AX response was relevant for the biological effectiveness of ion irradiation, i.e. whether this effect could be partly responsible for the increased effectiveness of heavy ions compared with X- or γ-rays ([@gkt304-B17],[@gkt304-B18]). Simultaneous treatment of confluent human fibroblasts with specific ATM and DNA--PKcs inhibitor 1 h before until 1 h after exposure to X-rays did not cause clonogenic toxicity ([Figure 4](#gkt304-F4){ref-type="fig"}E), indicating that the transient inhibition short time after irradiation was reversible and compensated later on. For exposure to densely ionizing irradiation, the inhibition of the pan-nuclear response by this treatment did not significantly influence cell survival ([Figure 4](#gkt304-F4){ref-type="fig"}E), suggesting that the nuclear-wide γH2AX does not contribute to the effectiveness of ion irradiation.

Pan-nuclear γH2AX is tightly associated to chromatin
----------------------------------------------------

Nuclear-wide γH2AX was induced by ion irradiation and the immunofluorescent signal detected after extraction of detergent-soluble protein. The signal was not changed compared with direct fixation ([Figure 5](#gkt304-F5){ref-type="fig"}A) showing that γH2AX is associated to chromatin also in the undamaged regions. This result was confirmed by subcellular protein fractionation using stringent conditions leaving only tightly bound proteins in the chromatin fraction. A fluence of about seven ion traversals per cell nucleus was used to induce efficient pan-nuclear H2AX phosphorylation, still leaving a large undamaged nuclear area. One hour after irradiation with ions or X-rays, γH2AX was located exclusively in the chromatin fraction ([Figure 5](#gkt304-F5){ref-type="fig"}C), indicating that also the ion-induced pan-nuclear γH2AX is bound to chromatin, whereas tubulin and p53-binding protein (53BP1) were detected in the cytoplasmic and nucleoplasmic fraction, respectively. We examined by immunofluorescence microscopy if a gradient of γH2AX could be measured through the cell nucleus early after irradiation. The increased γH2AX signal at 15 min was uniform over the whole nucleus ([Supplementary Figure S5A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)), arguing against a slow spreading of γH2AX from damage sites. On the other hand, the nuclear-wide signal of pDNA--PKcs (S2056) and pATM (S1981) vanished after extraction treatment, supporting a loosely bound nucleoplasmic localization ([Figure 5](#gkt304-F5){ref-type="fig"}A and B). In H2AX −/− MEF cells, pan-nuclear pATM was also detected, demonstrating that the pan-nuclear distribution of pATM occurs upstream of the nuclear-wide H2AX phosphorylation ([Supplementary Figure S5B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)).

Nuclear-wide binding of MDC1 but not 53BP1 is induced after localized irradiation
---------------------------------------------------------------------------------

In addition to H2AX, a strong pan-nuclear phosphorylation of other kinase target proteins has been reported after transfection of small DNA molecules ([@gkt304-B10]) and after virus infection ([@gkt304-B13],[@gkt304-B14]). After ion irradiation, phosphorylated Nijmegen breakage syndrome 1 (NBS1, S343), a phosphorylation target of ATM ([@gkt304-B33]), and phosphorylated replication protein A (RPA, S4/S8), which is phosphorylated by DNA--PK at these sites ([@gkt304-B34]), formed only a faint pan-nuclear signal ([Supplementary Figure S6A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). Moreover, in the presence of microinjected DNA molecule-induced pan-nuclear γH2AX, secondary γH2AX foci did not form on irradiation ([@gkt304-B10]). In contrast, a second ion irradiation clearly induced the formation of γH2AX foci ([Supplementary Figure S6B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)), despite pan-nuclear H2AX phosphorylation. This suggests that DNA damage signalling is not inhibited.

As mediator of DNA damage checkpoint 1 (MDC1) binds to γH2AX directly ([@gkt304-B35]), we analysed the influence of pan-nuclear γH2AX on the nuclear distribution of MDC1. The suppression of pan-nuclear γH2AX by ATM and DNA--PKcs inhibition resulted in an increased MDC1 signal at damage sites compared with cells showing pan-nuclear γH2AX ([Figure 6](#gkt304-F6){ref-type="fig"}A). A possible explanation is nuclear-wide binding of MDC1, leaving less unbound MDC1 available for the recruitment to damage sites. In fact, more intense MDC1 foci were detected in cells showing only weakly induced pan-nuclear γH2AX because of peripheral ion traversals ([Figure 6](#gkt304-F6){ref-type="fig"}A, arrow), and the few spontaneous MDC1 foci found in unirradiated cells were of comparable intensity ([Figure 6](#gkt304-F6){ref-type="fig"}A). This indicates efficient MDC1 recruitment when pan-nuclear γH2AX is absent. We measured nuclear-wide MDC1 binding by FRAP, showing a reduced mobility of MDC1 in the undamaged region of the nucleus in ion-irradiated compared with unirradiated cells ([Figure 6](#gkt304-F6){ref-type="fig"}B). As expected, MDC1-deficient MEF cells also showed pan-nuclear γH2AX ([Supplementary Figure S6C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)) because MDC1 binding occurs downstream of H2AX phosphorylation. The binding affinity of 53BP1, which is recruited in an MDC1-dependent manner to damage sites but requires further regulatory signalling steps ([@gkt304-B36],[@gkt304-B37]), was not influenced in undamaged regions after ion irradiation ([Figure 6](#gkt304-F6){ref-type="fig"}C). In line with this observation, suppression of pan-nuclear γH2AX did not change 53BP1 recruitment to damage sites ([Supplementary Figure S6D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). We conclude that the pan-nuclear H2AX phosphorylation does not lead to a full DNA damage response in undamaged chromatin.

DISCUSSION
==========

Using localized irradiation, we describe here a novel response to clustered DNA lesions involving the formation of pan-nuclear γH2AX mediated by the kinases ATM and DNA--PK. This nuclear-wide H2AX phosphorylation triggered by IR differs from previously described γH2AX responses. The effect is not related to apoptosis and, in contrast to the UV-induced nuclear-wide γH2AX ([@gkt304-B11],[@gkt304-B38]), it is not dependent on NER. The ion-induced reaction requires direct nuclear damage induction and did not occur after cytoplasmic irradiation or in cells adjacent to the irradiated ones. It can thus not be attributed to bystander effects as described for γH2AX foci ([@gkt304-B39]). A potential connection of pan-nuclear γH2AX noticed after high power laser microirradiation ([@gkt304-B40]) to the here described IR-induced response awaits further clarification.

The nuclear-wide signal was measurable already after a single carbon ion traversal and increased with the IR dose. We demonstrate that the pan-nuclear γH2AX response is mediated by the activation of both ATM and DNA--PK. With only one of the kinases active, pan-nuclear γH2AX was still visible, albeit reduced. The pan-nuclear γH2AX is tightly chromatin-bound, and γH2AX spreading is uniform at short times after irradiation. This suggests that γH2AX in undamaged chromatin is generated via direct phosphorylation of H2AX by the activated kinases, most likely diffusing from DNA damage sites. In agreement with this hypothesis, the autophosphorylated forms of ATM (S1981) and DNA--PKcs (S2056) were also distributed over the whole nucleus after ion irradiation in a dose-dependent manner, but not tightly chromatin bound. For efficient DNA--PK activation under physiological conditions, the DNA--PKcs needs to bind DNA ends associated with the Ku70/Ku80 heterodimer \[reviewed in ([@gkt304-B41])\], and kinase activation is achieved by immobilization of the N-terminal end ([@gkt304-B42]). This begs the question of how the activity of DNA--PK can be triggered at large distances from sites of DNA damage. A possible explanation is that the pan-nuclear DNA--PK activity is associated to small DNA fragments, which are often produced by densely IR ([@gkt304-B43]). A possible *in vivo* activation by DNA fragments is supported by studies showing that DNA--PK can be strongly activated by transfection of DNA molecules ([@gkt304-B10]), virus infection ([@gkt304-B14]) or during apoptotic DNA fragmentation ([@gkt304-B44]). However, for the DNA molecule-induced response, an all-or-none pattern has been described ([@gkt304-B10]), whereas the ion-induced response is dose dependent.

An alternative explanation for the nuclear-wide DNA--PK activity is that during protein exchange, the kinase could dissociate in active form from the damage sites. The finding that DNA--PKcs can promote its own dissociation from DNA by autophosphorylation ([@gkt304-B45],[@gkt304-B46]), which would require kinase activity at the time of dissociation, supports this notion. Furthermore, DNA--PKcs has been suggested to be especially involved in the repair of complex DNA lesions ([@gkt304-B47]), but the binding efficiency of Ku is apparently reduced compared with simple lesions ([@gkt304-B48]). These observations are in line with a potentially increased exchange of DNA--PK at clustered damage. Based on the observation that the N-terminal region of DNA--PKcs is required for kinase inactivation ([@gkt304-B49]), it would be interesting to find out whether this process is connected to a loss of contact of the N-terminus after dissociation of the still active DNA--PKcs.

ATM has been shown to be activated *in vitro* in human cell extracts by small DNA fragments ([@gkt304-B50]). ATM activation has also been associated with structural changes in chromatin ([@gkt304-B51]), and pan-nuclear γH2AX induced by chromatin de-condensation can be suppressed by the PIKK inhibitor wortmannin ([@gkt304-B12]). We found chromatin de-condensation-induced nuclear-wide γH2AX to depend on ATM but not DNA--PK ([Supplementary Figure S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt304/-/DC1)). This argues against an extensive chromatin alteration as the only basis of kinase activation after ion irradiation. Moreover, we have no evidence for ion-induced major rearrangements in chromatin structure ([@gkt304-B52],[@gkt304-B53]), and only localized chromatin de-condensation was observed after aimed ion irradiation ([@gkt304-B54]). A pan-nuclear activity of ATM has previously been reported, leading to the transient pan-nuclear phosphorylation of KRAB-associated protein 1 (KAP1) in response to local laser irradiation ([@gkt304-B55]).

The pan-nuclear γH2AX response is transiently detected during a few hours after irradiation with maximum ∼1 h. These kinetics were not influenced by the complexity of the induced damage, whereas DSB rejoining has been shown to be delayed with increasing damage complexity ([@gkt304-B19],[@gkt304-B32]). Moreover, the kinetics of pan-nuclear γH2AX loss were not dependent on XRCC4- or Ku80-mediated NHEJ, which is the major repair pathway in G~1~-phase cells ([@gkt304-B56]). Processing of DNA ends by CtIP, MRE11 and EXO1, which is a key step in HR initiation, is also dispensable for the decline of pan-nuclear γH2AX. Overall, our results show that completion of DSB repair is not a prerequisite for the reduction of pan-nuclear H2AX phosphorylation.

ATM and DNA--PK also phosphorylate other DNA damage response factors besides H2AX. After ion irradiation, only a faint pan-nuclear signal of phosphorylated NBS1 and RPA could be detected, in contrast to the clear pan-nuclear signals of phosphorylated RPA, NBS1 and other target proteins reported after virus infection ([@gkt304-B13],[@gkt304-B14]) or transfection of small DNA molecules ([@gkt304-B10]). In addition, after transfection of small DNA fragments, DNA repair is significantly compromised ([@gkt304-B10],[@gkt304-B16]). Such repair impairment also for the ion-induced pan-nuclear response could be contributing to the increased RBE of densely IR, which constitutes one of the key advantages in the clinical application of heavy ions in tumour therapy ([@gkt304-B17]). However, the formation of repair foci like 53BP1 or phosphorylated NBS1, RPA, ATM and MRE11 is not affected by the ion-induced pan-nuclear response. In addition, the γH2AX signal is always stronger at DNA DSBs than in undamaged chromatin, and γH2AX foci are induced by a second ion irradiation even in the presence of pan-nuclear γH2AX. These results indicate that the accumulation of repair factors at DNA lesions is not generally suppressed by the pan-nuclear reaction, and that the damage response is focused on chromatin areas directly surrounding DSBs. Only MDC1, which is recruited to damaged chromatin via direct interaction with γH2AX ([@gkt304-B35]), was found to bind to pan-nuclear γH2AX leading to a decreased binding of MDC1 to damage sites. In addition, we could recently show that this nuclear-wide binding influences the exchange of MDC1 at damage sites ([@gkt304-B28]). The 53BP1 binding, which is mediated by additional regulatory steps like ubiquitination ([@gkt304-B36],[@gkt304-B37]), was not affected by the nuclear-wide response. Thus, the pan-nuclear γH2AX can influence downstream factors without inducing a full DNA damage response. In line with this notion, the temporary inhibition of ATM and DNA--PKcs, which suppresses pan-nuclear γH2AX, did not largely influence the survival of normal human fibroblasts after ion irradiation.

Generally, the level of phosphorylated H2AX is directly correlated to the yield of radiation-induced DNA DSBs. We show here that this correlation is hampered by pan-nuclear response after the induction of localized clustered DSBs. The transient formation of pan-nuclear γH2AX is caused by DNA--PK and ATM activity distant to sites of DNA damage. The pan-nuclear response triggers nuclear-wide MDC1 binding, reducing its recruitment to damage sites, but without a general inhibition of the DNA damage response. The nuclear-wide kinase activity may be elicited by IR-induced small DNA fragments or by diffusion of active kinases from DNA DSBs.
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